Live performance, bone health and metabolic responses to the interaction among stocking density and dietary concentrations of total calcium (TCa) and non-phytate phosphorus (NPP) were determined on 2,232 Ross 308 female broilers over a 3-wk experimental period. From 22 d of age, birds were randomly divided into 48 groups and provided with different corn-soybean meal-based diets varying in TCa (0.70% or 0.90%) and NPP (0.28% or 0.36%) content at 1 of 2 stocking densities [28.6 (LSD, 13 broilers/m 2 ) and 39.6 (HSD, 18 broilers/m 2 ) kg of predicted final BW/m 2 floor space], according to a 2 × 2 × 2 factorial design with 6 replications in each treatment. Regardless of NPP supplementation, a high-TCa (0.90%) diet aggravated the impact of HSD on growth (BW gain and feed efficiency, P < 0.001) and motility (gait score, P < 0.001). This might be explained by deteriorating tibia quality (relative weight, mineral composition and biomechanical property; P < 0.01), due to the involvement of decreasing duodenal absorption (type IIb sodium-phosphate co-transporter mRNA, P < 0.001) in reduced phosphorus retention (P < 0.001). On the contrary, increasing dietary NPP (0.36%), particularly if high in TCa (0.90%), boosted TCa retention (P < 0.05) by improving absorption (calcium-binding protein D28k transcription, P < 0.05) for LSD chickens, hence enhancing bone development (relative tibia weight and tibia breaking strength, P < 0.05) and leg health (walking ability, P < 0.05). Together, HSD and LSD birds show an impaired TCa tolerance and a higher TCa+NPP threshold, respectively, to allow the optimization of bone quality via altered intestinal absorption.
INTRODUCTION
High stocking density (HSD) is a housing condition that can cause abnormal skeletal development in modern genotypes of broilers, as shown by the increased tibia curvature and decreased tibia breaking strength (Hall, 2001; Buijs et al., 2012) . High bone curvature may lead to lameness, thus compromising welfare by reducing the chance of birds moving around and accessing feeders (Julian, 1998; Bradshaw et al., 2002) . Low bone strength is likely to incur fracture during rearing, catching, and transport, resulting in an increased risk of culling and mortality (Julian, 1998) . Previous studies have demonstrated that walking ability is inversely correlated with the BW of broilers Su et al., 1999) , and reducing the leg weakness by improving bone mineral content without sacrificing C 2017 Poultry Science Association Inc. Received October 8, 2016. Accepted September 15, 2017. 1 Corresponding author: 1163155358@qq.com growth rate is ineffective (Yalçin et al., 1998; Bizeray et al., 2002a,b) . As stocking density increases, there is a progressive decrease in BW gain and carcass yield (Puron et al., 1995; Estevez et al., 1997; Feddes et al., 2002; Dozier et al., 2005 Dozier et al., , 2006 Estevez, 2007) , raising the likelihood of mitigating leg problems through regulating bone quality. Because of a reduction in exercise as seen by the decline in distance traveled by broilers (Lewis and Hurnik, 1990; Andrews et al., 1997; Estevez et al., 1997) , a special, HSD-related nutritional requirement may exist for calcium (Ca) and phosphorus (P), which are the major mineral components of bone. So far, little work has been done to assess the relationship between stocking density and dietary supplementation with Ca or P, in terms of the prevention of leg abnormalities.
During the normal mineralization process, Ca and P are transferred from feed into the bone through the intestine and kidney (Wideman Jr., 1987; Bar et al., 1990) . The association of stocking density with bone deposition has been reported in a few studies (Sun et al., 2013) , which showed that HSD adversely affected the 219 content of tibial ash and P. Little is known, however, if stocking density has an impact on Ca or P absorption, yet it may be reduced by HSD as reflected in the decreased blood level (Ç etin and Tuncel, 1995; Özbey and Esen, 2007) . During Ca and P deficiency, the increase of their absorption in the intestine can be explained by a proportional gating mechanism involving Ca-binding protein D28k (CaBP-D28k) and type IIb sodium-phosphate co-transporter (NaPi-IIb; Li et al., 2012; Huber et al., 2015) . The expression of CaBP-D28k and NaPi-IIb is stimulated by the active vitamin D metabolite, i.e., calcitriol (Wasserman, 1981) , and differs in broilers that are divergently selected for low or high incidence of tibial dyschondroplasia (Shirley et al., 2003) , suggesting the relevance of Ca or P absorption to leg problems. Since bone quality is quite easily influenced by different totals and ratios of dietary Ca and P, it was hypothesized that the synthesis of CaBP-D28k and NaPi-IIb may be promoted by optimizing nutrition and, in turn, may alleviate the deleterious effect of HSD on leg health via improved ability to absorb Ca or P.
The aim of the present study was to determine the involvement of decreasing Ca and P absorption in bonerelated deterioration of leg condition with HSD, and the role of dietary intervention. Because older broilers are less sensitive to differences in BW and become less lame for each unit of BW gain than the younger (Kestin et al., 2001) , the experiment was performed on growing birds (4 to 6 wk old) to ensure the connection between bone mineral content and walking ability. Additionally, live performance, carcass composition, and blood parameters related to Ca and P absorption were measured.
MATERIALS AND METHODS
All study procedures were approved by the Animal Care and Use Committee of Qingdao Agricultural University and were in accordance with the Guidelines for Experimental Animals established by the Ministry of Science and Technology (Beijing, China).
Birds and Management
Day-old female broiler chicks (Ross 308), obtained from a local hatchery, were raised on rice hulls (5 cm in depth) in an environmentally controlled room. The ambient temperature was 33
• C at 1 d, reduced by 1 • C every other day to achieve 28
• C at 11 d, then 26
• C at 20 d, 23
• C at 24 d, 22
• C at 28 d, and 21
• C after 32 d of age. The lighting schedule was constant at 20 lx for 23L:1D until 7 d, 10 lx for 18L:6D before 14 d, 5 lx for 15L:9D by the end of 28 d, 3 lx for 18L:6D from 29 to 35 d, and 2.5 lx for 23L:1D up to 42 d. From 1 to 21 d, all birds were offered a common starter diet, and then switched to experimental grower diets until the end of the rearing period. During the entire study, feed and water were provided ad libitum.
Experimental Design
At 22 d of age, 2,232 healthy birds with similar BW (850 ± 42.1 g), were selected and randomly assigned to 48 floor pens (2.00 m × 1.60 m), furnished with tube feeders and nipple drinkers. The treatments, namely stocking density and dietary concentrations of total Ca (TCa) and non-phytate P (NPP), were arranged in a 2 × 2 × 2 factorial completely randomized design, each with 6 replications. Stocking densities for the experiment were high (HSD) and low (LSD), corresponding respectively to 39.6 (18 birds/m 2 , i.e., 54 birds/pen) and 28.6 (13 birds/m 2 , equivalent to 39 birds/pen) kg of BW/m 2 , which were predicted at 42 d with an estimated final weight of 2.2 kg and an effective surface (excluding feeder space) of 3.00 m 2 per pen. In the HSD and LSD treatment respectively, the feeder space allowance amounted to 2.91 and 4.03 cm/bird, and the watering density came to 5.4 and 3.9 birds/drinker.
A range of diets were formulated with limestone and dicalcium phosphate to contain 2 levels of TCa (0.90% or 0.70%) and 2 levels of NPP (0.36% or 0.28%, Table 1 ). All other nutrients were supplied in amounts meeting or exceeding NRC (1994) recommendations for 4-to 6-week-old broilers. Diets were corn-soybean meal based, steam pelleted at 75
• C through dies of 2.5 mm diameter, and free of any exogenous phytase to ensure the presupposed Ca or P release. They were analyzed for TCa and total P (TP; AOAC International, 2000), and for phytate P by the method described by Latta and Eskin (1980) ; the NPP was obtained by difference.
Data Collection and Sampling
At the beginning (22 d) and end (42 d) of the experiment, feed and birds were weighed by pen to calculate feed intake (FI), BW gain, and feed conversion ratio (FCR).
From 37 to 41 d of age, 5 g/kg chromic oxide was mixed into the diets as an indigestible marker for apparent retention. Excreta samples were collected once daily from a container (1 cm × 40 cm × 1 m) with a grid placed in each pen, pooled as one sample to represent one replication, and stored in a freezer (-20 • C). Gait score was examined for 6 randomly selected birds per pen at 42 d of age, according to a previously described method (Kestin et al., 1992; Ravindran et al., 2006) . Birds were placed in a catching pen and allowed freedom of movement. Each one was observed for 1 min, and the waking ability was scored on a 4-point scale: 0, an unaffected or normal gait (walking freely with regular and even strides); 1, a slightly affected gait (appearing unbalanced, but difficult to define); 2, a moderately affected gait (walking with irregular and uneven strides); and 3, a severely affected gait (reluctant to move and unable to walk or stand). In each experimental unit, the mean score was calculated as the cumulative total of the gait scores divided by the total number of birds examined.
After 8 h of feed withdrawal, 3 42-day-old birds from each pen, representing the average and the variability of the pen, were randomly selected, blood sampled (2 mL; brachial vein, heparinized syringe), and then killed by stunning and exsanguination. Plasma, obtained by centrifugation at 400 × g for 10 min at 4
• C, was stored at -20
• C for further analysis. The abdominal fat, breast (both the pectoralis major and minor), and deboned thigh muscles were harvested and weighed individually, then expressed as percentages of BW. The 4-cm intestinal segments were cut at distal duodenum and opened longitudinally to flush the content with icecold phosphate-buffered saline (pH 7.4). Mucosa was collected by scraping using a sterile glass microscope slide, rapidly frozen in liquid nitrogen, and stored at -80
• C for analysis of CaBP-D28k and NaPi-IIb mRNA abundances. The left and right tibias from individual birds were excised, sealed in plastic bags, and stored at -20
• C until analysis.
Additional Measurements
TCa and TP Balance Apparent retention of TCa or TP (ATR) was calculated by the index method using the following equation: ATR, % = 100 -[(Cr d /Cr e ) × (T e /T d ) × 100], where ATR (%) is the apparent TCa or TP retention, Cr d is the concentration of chromium in the diet, Cr e is the chromium concentration in the excreta, T e is the TCa or TP concentration in the excreta, and T d is the TCa or TP concentration in the diet.
Chromium, TCa, and TP concentrations were determined in the diet and excreta samples following nitric and perchloric acid wet-ash digestion (method 935.13, AOAC International, 2000) . Chromium and TP concentrations were estimated by spectrophotometry (method 946.06, AOAC International, 2000) and absorbance read using a plate reader (Dynex Technologies Inc., Chantilly, VA). TCa concentrations in the digested samples were determined by flame atomic absorption spectroscopy method, and absorbance was read using a Varian SpectrAA 220FS (Varian Australia Pty Ltd., Victoria, Australia).
Daily TCa or TP intake was calculated as dietary TCa or TP concentration multiplied by FI. Retained TCa or TP was calculated as g of TCa or TP intake × apparent TCa or TP retention/100. Excreted TCa or TP represented the difference between dietary TCa or TP intake and apparent TCa or TP retention.
Plasma and Tibial Quality Variables Plasma Ca and P concentration and alkaline phosphatase (ALP) activity were measured by automated hematology analyzer (Yellow Springs Instrument Co., Yellow Springs, OH).
The left tibia was weighed after defatting (sequential 36-h Soxhlet extractions, with ethyl alcohol, then diethyl ether) and drying (100 • C, 24 h), then ashing in a muffle furnace (600
• C, 18 h). The contents of Ca and P were determined respectively by EDTA titration and ammonium metavanadate colorimetric methods. The right tibia was used to measure the breaking strength by a tension compression tester (DCS-5, Shimadzu Autograph, Shimadzu, Kyoto, Japan) with the 3-point bending test. Force was applied to the center of the bone with a load cell capacity of 50 kg and a crosshead speed of 10 mm/min, which was held by 2 supports spaced 4.0 cm apart.
Quantitative Reverse Transcription PCR Total RNA was extracted from the duodenal mucosa using Trizol reagent (Invitrogen, San Diego, CA), and portions (1.0 μg) were reverse-transcribed into singlestranded cDNA with an oligo-dT primer using AMV Reverse Transcriptase (Invitrogen) as previously described (Li et al., 2012; Nie et al., 2013) . Real-time polymerase chain reaction (PCR) was conducted on an ABI 7500 Fluorescent Quantitative PCR system (Applied Biosystems, Bedford, MA) with Fast SYBR R Green Master Mix (Applied Biosystems). The abundances of CaBP-D28k and NaPi-IIb transcripts were determined from the threshold cycle value, normalized to the expression of β-actin within the sample, and standardized with the control group as the calibrator (assigned an expression level of 1).
The PCR was carried out for 35, 42 and 40 cycles for CaBP-D28k, NaPi-IIb and β-actin, respectively, to ensure amplification efficiency in the linear range of each primer set (Table 2 ). Product identities were confirmed by melting curve analysis. Gene expression was quantified relative to a standard curve generated from a serially diluted sample.
Statistical Analysis
A 3-way analysis of variance (ANOVA) model (version 8e; SAS Institute, 1998) was used with the pen as the experimental unit, to evaluate the main effects of stocking density and dietary concentrations of TCa and NPP, as well as their interactions. If significant differences were found, treatment means were separated by Tukey's multiple comparisons test at the level of P < 0.05. Percentage and ratio data were subjected to arc-sine transformation before analysis, satisfying the ANOVA requirements for normality and homogeneity of variance. Gait scores were square-root transformed. The model was rerun using raw data to obtain least squares means for presentation, but P-values were calculated using transformed data.
RESULTS

Production Performance
A significant interaction (P < 0.05) between dietary TCa and NPP was observed on growth responses of broiler chickens (Table 3) . When birds were fed 0.90% Ca diets, NPP was a limiting nutrient for FI, BW gain, and FCR. The same effect was not found in birds fed 0.70% Ca diets, where no difference existed between 0.28% and 0.36% NPP diets for any of these variables. There was an interaction (P < 0.01) of stocking density and supplemental TCa on BW gain and FCR. With fortified TCa from 0.70% to 0.90%, BW gain was decreased in HSD treatment, but not in the LSD. Meanwhile, increasing dietary TCa decreased FCR in LSD birds, whereas the reverse was true for HSD group.
TCa and TP Balance
The interaction between stocking density and TCa supplementation was significant (P < 0.01) for TCa and TP excretion, retention, and retention coefficient (Table 4 ). More specifically, HSD decreased the excretion of TCa and TP, and increased TCa retention coefficient with the 0.70% TCa diet, but not with the 0.90% TCa diet. With elevated dietary concentrations of TCa, a reduction in TCa and TP retention, and TP retention coefficient was detected only in HSD birds. An interaction of stocking density and NPP addition (P < 0.05) influenced TCa retention and TP intake. The former was the same between the 2 levels of NPP for HSD treatment, but showed an increase with the higher NPP content in LSD group. The latter had a more reduction with elevated stocking density in 0.36% NPP diet than in 0.28% NPP diet. A TCa × NPP interaction (P < 0.01) occurred for TCa and TP intake and retention, and TCa excretion (Table 4) . TCa and TP retention, and TCa excretion appeared to be equal among the 3 other combinations of TCa and NPP, apart from a lower value with 0.90% TCa and 0.28% NPP. The rising TCa intake with increased dietary TCa, and the decreasing TP intake with reduced dietary NPP were significantly higher, respectively, in 0.36% NPP diet than in 0.28% NPP diet, and in 0.90% TCa diet than in 0.70% TCa diet. When stocking density, TCa and NPP were considered together, the TCa retention of LSD birds fed 0.36% NPP exhibited increasing trend (P < 0.05) only in the case of high-TCa (0.90%) diets.
Abundances of CaBP-D28k and NaPi-IIb Transcripts, and Blood Responses
Stocking density had an interaction with dietary TCa concentration (P < 0.01) on gene expressions of CaBPD28k and NaPi-IIb (Table 5 ). The former was similar regardless of stocking density when subjected to 0.90% TCa diets, but became higher with HSD for 0.70% TCa diets. The latter was improved by increasing TCa in the condition of LSD, yet it turned out to be just the opposite for HSD birds. A 3-way interaction (stocking density, TCa, and NPP) affected (P < 0.05) the abundance of CaBP-D28k mRNA, which increased with supplemental NPP only in LSD birds fed 0.90% TCa.
Plasma concentrations of Ca and P and activities of ALP were all influenced (P < 0.05) by a 2-way interaction of stocking density and dietary TCa (Table 5) , where plasma Ca and P were decreased by HSD with the 0.70% TCa diet, but made no difference between the 2 stocking densities for 0.90% TCa diets; ALP increased with supplemental TCa in HSD birds, but not in LSD ones.
Tibia Development and Walking Ability
The interaction of stocking-density × TCa (P < 0.01) or TCa × NPP (P < 0.05) had a strong impact on tibia development and walking ability (Table 6 ). An industry-standard level of TCa (0.90%) allowed HSD birds to attain the worst tibia quality and gait score, yet these values were identical in the other 3 combinations of stocking density and dietary TCa, as was also the case for the diet with high TCa (0.90%) and low NPP (0.28%). A stocking-density × NPP interaction existed for tibia breaking strength (P < 0.05) and gait score (P < 0.01), whose differences between NPP were significant only in birds exposed to the LSD. There was an interaction among stocking density, TCa and NPP for relative tibia weight (P < 0.05), tibia breaking strength (P < 0.05), and gait score (P < 0.05), whose superiorities of LSD over HSD were noted only with the 0.90% TCa and 0.36% NPP diet; the advantage of NPP supplementation on relative tibia weight was seen only in LSD birds fed 0.90% TCa.
DISCUSSION
In most of the previous studies (Yalçin et al., 1998; Bizeray et al., 2002a, b; Venäläinen et al., 2006) , bone quality parameters, including mineral content and breaking strength, had no clear connection with the walking ability of broilers, due to the significant positive correlation coefficients between BW and gait score Sørensen et al., 1999; Su et al., 1999; Kestin et al., 2001 ). Indeed, bone mineralization is not link biologically with BW as ash represents a really low percentage of whole-body composition. In the present study, female birds, being the most reactive near market age (Sun et al., 2011) , were maintained at 2 population densities, which made a difference of about 200 g in BW between them at the end of the rearing period. The observed coordinated responses of tibia development and gait score to varying dietary concentrations of TCa and NPP in particularly HSD birds, suggest the feeding-induced association of bone properties with walking ability is likely dependent on specific housing conditions that can change the growth rate.
In many of the earlier studies (Rama Rao et al., 2006; Plumstead et al., 2008; Rousseau et al., 2012; Bradbury et al., 2014) , the interaction between TCa and NPP on bird performance and skeletal health was mainly resulted from the deleterious effect of a broad TCa to NPP ratio (high TCa and low NPP). This was confirmed again in the present work, perhaps in part attributable to the inadequate availability of P with the formation of insoluble salts in the chyme (Hurwitz and Bar, 1971; Heaney and Nordin, 2002; Plumstead et al., 2008) . The supposition was supported by a corresponding reduction in TP retention for birds fed 0.90% TCa and 0.28% NPP, highlighting the importance of formulating diets to an accurately balanced density of TCa: NPP.
In accordance with previous studies (Sørensen et al., 2000; Moreira et al., 2006; Buijs et al., 2009; Ventura et al., 2010; Sun et al., 2011 Sun et al., , 2013 , FI, BW gain, FCR, breast muscle yield, relative tibia weight, and gait score were all adversely affected by the HSD treatment, indicating detrimental effects on performance and wellbeing. This was speculated to stem partially from a change in nutritional status (Berri et al., 2008; Sun et al., 2011 Sun et al., , 2013 ), yet the correlation of some nutrients with HSD for optimum reaction was either not significant (dietary energy and lysine) or only on welfare indices (vitamin D 3 ). In the present study, broiler chickens showed 2 distinct types of responses to dietary TCa and NPP. On the one hand, high TCa concentrations (0.90%), irrespective of NPP, led to a marked decline in growth (BW gain and FCR), bone quality (plasma ALP activity, relative tibia weight, tibia mineral composition, and biomechanical properties), and leg health (gait score) for HSD birds, indicating impaired TCa tolerance (the maximum level in the diet without any adverse effect on chicken performance). On the other hand, high NPP levels (0.36%), especially in combination with high TCa (0.90%), gave a big boost on bone mass and strength (relative tibia weight and tibia breaking strength), and motor function (gait score) to LSD ones, implying a higher threshold to allow the maximization of skeletal health. This discrepancy reveals a divergent Ca or P requirement for the 2 stocking densities, possibly relating to the low locomotor activity of HSD birds.
The metabolism of Ca and P may account for the observed growth, bone and motion responses. Owing to a depression in FI, HSD birds consumed less TCa than did the LSD, without respect to any diet. In support of the lowering plasma Ca concentration, the reducing TCa excretion, and hence the increasing retention and retention coefficient with decreased dietary TCa from 0.90% to 0.70% were all of greater magnitude in HSD compared with LSD. Consistent with the up-regulated CaBP-D28k mRNA expression in duodenum, the improved Ca absorption in terms of low-TCa (0.70%) diets seemed to be more obvious in HSD than in LSD.
With increasing inclusion of TCa in diets, TP retention or retention coefficient, and concurrently the absorption as manifested by duodenal NaPi-IIb gene transcription, were all decreased in HSD birds, suggesting TCa was more influential than NPP. The reverse was the case for the LSD, where the TCa retention was augmented by elevating NPP while maintaining a fixed TCa concentration (0.90%), corresponding to the abundance of CaBP-D28k mRNA in the intestinal lumen, indicative of the availability of Ca. Birds are reluctant or even unable to defend an NPP intake target through over-consumption of TCa, but are more willing to overconsume NPP to reach a TCa intake target (Bradbury et al., 2014) , so the plasma P content and consistently the TP excretion were both higher with decreasing dietary TCa in the LSD, but this was not seen with HSD, again suggesting a drop in the level of TCa tolerance.
In the present study, the effect of stocking density may have been confounded by group size and feeder or drinker space, and thus requires some qualification. In addition, birds were reared under very low light intensity (2.5 to 3.0 lx) for most of the time, partially explaining the slightly inferior performance to the breed standard. Because light intensity affects activity levels and leg health (Blatchford et al., 2012; Deep et al., 2012; Bailie et al., 2013) , the current results need to be verified at relatively higher light intensity.
In conclusion, high dietary TCa exacerbates the disadvantage of HSD on growth, bone quality, and leg health in a NPP-independent manner, owing to the reduced TP retention with decreasing intestinal absorption. A high TCa+TP diet increases TCa retention of LSD birds by promoting duodenal absorption, thus improving bone development and walking ability. These findings provide a basis for the feeding strategy to prevent leg weakness and the resulting production problems.
